Introduction
Ultraviolet (UV) nanoimprint lithography [1] [2] [3] [4] [5] [6] is used to fabricate nanostructured devices with high-throughput, low cost, and high resolution. Mold is usually coated with an antisticking layer (ASL) to separate from the resin after nanoinprinting. Therefore, the ASL is one of the important factors in nanoimprinting. Furthermore, the thin ASL is required because the patterns on the mold become smaller and smaller. For example, when the line-and space-widths are 10nm, line-and space-widths become 12nm and 8nm after coating the ASL of 1nm thick, as shown in Fig. 1 . This means that the ASL thickness affects the ultrafine-pattern size.
FAS-3 has very short main chain. However, the release property of FAS-3 is not sufficient to carry out UV nanoimprinting 7) . On the other hand, FAS-13 can be used to antisticking layer for UV nanoimprinting. So, we proposed the mixture release agents of FAS-3 and FAS-13 to obtain thin F-SAM with sufficient release property. In this study, we evaluated the F-SAMs formed by using the mixture solution of FAS-3 and FAS-13 by surface free energy measurement, atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS).
Experimetal Method
FAS-3 and FAS-13 were mixed as follow. The FAS-13 concentrations of mixture solutions were 5, 10, 25, 50, 75%. The mixed F-SAMs were coated on Si substrates by dip-coating process 8) . The dip-coating process is as follows; (1) The release agents were dropped on Si substrate for 2 min at room temperature in air atmosphere. ( 2) The Si substrate is left in the high humidity atmosphere for 1 h. (3) Then, to remove the excess release agent, the Si substrate is rinsed by HD-TH (Daikin Co.) for 20 min.
Generally, the fluorinated self-assembled monolayer (F-SAM) is used as the antisticking layer. Figure 2 shows the chemical structures of (3,3,3-trifluropropyl) trimethoxysilane (FAS-3) and (tridecafluoro-1,1,2,2-tetrahydroocyl) trimethoxysilane (FAS-13).
It is known that
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The release property of mixed F-SAMs were evaluated by measuring the surface free energy and frictional force. We used Drop Master 500 (Kyowa Interface Science Co.) as the contact angle meter and measured the contact angle of water, formamide, naphthalene on the mixed F-SAMs to calculate the surface free energy. The frictional forces of mixed F-SAMs were measured by AFM. Figure 3 shows measurement principal of frictional curve using AFM [9] [10] [11] . The torsional displacement of the cantilever was small because the cantilever can move smoothly over the surface. On the other hand, there was a large torsional displacement of the cantilever when the surface had high friction. The friction curve was obtained from the torsional displacement of the cantilever. The upper and lower sides of the frictional curve are the measurement results of the approach and return measurement routes, respectively. The frictional force was determined from the difference between the upper and lower sides of frictional curve. A large difference between the upper and lower sides indicates that the high frictional force, and a small difference indicates that the frictional force is low. A cantilever with a SiO 2 glass particle (1 µm diameter) was used. Its spring constant was 0.95 N/m. The contact force was about 20 nN. To evaluate the surface state, we carried out XPS and AFM observation. XPS were performed on a BL7B end station at the NewSUBARU facility, University of Hyogo. The photoelectron spectra were measured in analysis chamber mounted with a hemispherical electrostatic spectrometer (VSW Ltd., CL150). The Mg Kα line (hv=1253.6 eV) were incident at 45˚ with respect to the surface normal. The photoelectron spectra were recorded at an emission angle of 45˚ to the surface normal. And the surface roughness of the mixed F-SAMs was measured by dynamic force mode-atomic force microscopy (DFM-AFM, E-sweep/Nanonavi Station, Hitachi High-Tech Science Co.). We fabricated line and space patterns of the mixed F-SAMs on Si substrates to measure the thickness of F-SAMs. The patterning process was as follows; (1) NIAC705 (Daicel Co.), which was as UVnanoimprint resin, was spin-coated on Si substrate and prebaked at 90˚ for 1 min. The cured NIAC705 is able to be removed by soaking in organic solvents 12, 13) . (2) We carried out UV nanoimprinting using a mold with 2 μm-line and space patterns. (3) Then, the residual layer was etched away by reactive ion etching (RIE) using O 2 gas. (4) Following, the mixed F-SAMs was coated by dip-coating process. (5) Finally, the substrate was soaked in tetrahydrofuran (THF) to remove NIAC705.
Results and discussion
3.1 Evaluation of release property of the mixed F-SAMs. We measured the surface free energies of the mixed F-SAMs, as shown in Fig. 4 . FAS-13 concentration of 0% and 100% correspond to FAS-3 and FAS-13, respectively. The surface free energy drastically decreased by adding 5% FAS-13. In addition, the surface free energy reduced with increase in the concentration of FAS-13.
Then frictional force of the mixed F-SAMs were measured, as shown in Fig. 5 . The frictional force also decreased with increase in the concentration of FAS-13. It is proved from these results that the release property of F-SAM formed by using mixture release agents is superior to that of FAS-3.
F-SAM FAS-3 5% 10% 25%
RMS roughness (nm) 0.21 0.12 0.14 0.12 50% 75% FAS-13 0.1 0.12 0.12 Table 1 The RMS roughness of the mixed F-SAMs 
Evaluation of surface states of the mixed F-SAMs
The surface chemical state of F-SAMs was measured by XPS. Figure 6 shows the XPS wide scan spectra of the mixed F-SAMs. The F1s peak was detected in all spectra and it became higher with increase in the concentration of FAS-13. These results indicate that the amounts of fluorine on the mixed F-SAMs surfaces are increased as the increase of FAS-13 content.
The surfaces morphology of the mixed F-SAMs were measured by AFM, as shown in Fig. 7 . The root mean squared (RMS) roughness of the mixed F-SAMs are shown in Table 1 . The RMS roughness value of FAS-3 was the highest and the values except FAS-3 were about half of FAS-3. This result indicates that the surface roughness of the mixed F-SAMs formed by adding FAS-13 to FAS-3 became smoother than that of FAS-3.
It was confirmed from the surface free energy and frictional force measurements that the mixed F-SAM formed by using 10% FAS-13 solution had a good release property. Subsequently, we measured the film thickness of F-SAMs formed by using FAS-3, 10% FAS-13 mixture solution, and FAS-13 by AFM. Figure 8 shows topographic (left figures) and average cross sectional of designated square area ( right figures) AFM images. We could confirm the difference in height from the AFM images. The height of F-SAMs formed by using FAS-3, 10% mixed F-SAM , and FAS-13 were about 0.30, 0.30, and 0.43 nm, respectively. This result indicates that the thin F-SAM with high release property was formed by using mixture solution of 90% FAS-3 and 10% FAS-13.
Conclusion
We evaluated the F-SAMs formed by using the mixture solution of FAS-3 and FAS-13. It was confirmed from the surface free energy and frictional force measurements that the release property improved by adding FAS-3 to only 10% FAS-13. In addition, the mixed F-SAM formed by using mixture solution of 90% FAS-3 and 10% FAS-13 had low RMS roughness and about 0.3 nm thick. These results demonstrated that the thin F-SAM with high release property is obtained by the mixed F-SAM of FAS-3 and FAS-13.
